Background: The USDA Healthy Eating Index (HEI) is used widely to measure diet quality because it allows a number of different applications. Although several evaluations of the HEI-2010 have already been carried out, there is lack of those which focus on associations between the HEI and nutrient intakes. This study updates and expands upon previous findings on these associations. Methods: Using German consumption data, where $12 million purchases from 13 131 households are recorded, HEI-2010 total and individual scores, as well as several energy and nutrient densities were calculated. Correlations between the HEI and individual energy and nutrient densities were carried out to identify which nutrients are more or less well represented by the HEI. Results: The HEI had the highest correlations with energy density and the densities of water-soluble vitamins (e.g. folic acid) and minerals (e.g. calcium). Weaker associations were identified for the densities of fat-soluble vitamins (e.g. vitamin D) as well as of the vitamins B1 and B12. Negligible correlations were detected for the densities of trace elements (e.g. fluoride and iodine), salt and fat composition. Conclusions: Given that energy intake and the intake of plantbased foods are relevant dietary issues, the HEI-2010 can be defined as a meaningful index to describe diet quality. However, because the intakes of salt, trace elements (e.g. fluoride and iodine) and fat-soluble vitamins, as well as the fat composition may be less reflected, they should be analyzed separately when using the HEI for measuring diet quality.
Introduction

B
ecause of increasing problems related to nutrition in industrial countries, scientists and politicians are strongly motivated to monitor diet quality at the population level. Indices such as the Healthy Eating Index (HEI) of the U.S. Department of Agriculture and the National Cancer Institute are often used to measure diet quality. Although the index refers to American dietary guidelines it is also used for other countries. [1] [2] [3] [4] Because of its density-based scoring system, the HEI has several advantages and allows a Figure A1 Cost-of-illness due to tick bites and LB, stratified for healthcare cost, patient cost and production loss. Cost is presented in million E and % per outcome for the Netherlands in 2010 for the baseline total cost estimate of E19.3 million (16.6 million population). Cost is expressed in 2014 euros number of different applications at all levels of the food chain. [5] [6] [7] Furthermore, the HEI is the only index that allows the use of data other than individual food intake data. 8, 9 Because of the widespread use of the HEI, it is necessary to comprehensively evaluate the index. Of particular interest are evaluations for countries other than the U.S. or with data other than individual food intake data. A literature review showed that previous evaluations were carried out in a number of different ways. Several studies examined the correlation with different diseases such as cancer, diabetes and cardiovascular disorders [10] [11] [12] [13] [14] [15] and identified significant correlations. Other studies focused on the association between the HEI and blood nutrients. 16, 17 The drawback of taking blood nutrients to evaluate the HEI is that many of their concentrations are not highly correlated with nutrient intakes. Plasma levels of vitamin D, for example, are influenced by sunlight exposure, and vitamin A plasma concentration is homeostatically controlled and therefore, not a good measure of nutrient intake. 16 Hence, it is necessary to additionally analyse the association between the intake of micro-and macro-nutrients and the HEI when evaluating the HEI. Research into existing literature on these types of evaluations showed that existing ones focused on the original version of the HEI 1995. 18, 19 However, due to the tremendous differences in scoring, weighting and construction between the original HEI and the subsequent versions, their results may not be applicable to the latest versions of the HEI. Furthermore, many important constituents of a diet such as vitamin D, unsaturated fatty acids and fiber were not mentioned in these studies. The goal of this study was 2-fold: (i) to provide comprehensive and new results on the association between the HEI and nutrient and energy densities, using the latest version of the HEI from 2010. (ii) To reveal the strengths and limitations of the HEI in different fields of diet quality and to indicate where possible adjustments may be necessary to further improve the HEI in particular for measuring diet quality in countries other than America. The underlying data set of this study was a representative German food consumption survey conducted in 2011. The data set records detailed information about food items purchased by 13 131 representative German households. To obtain the energy and nutritional values for each food item, the data were merged with a nutrient database. On the basis of these data, the HEI and several individual energy and nutrient densities were calculated.
Methods
Data preparation
This study used consumer panel data collected between January 2011 and December 2011 by the German 'Gesellschaft für Konsumforschung' (GfK). The data included food purchases for consumption at home by 13 131 representative German households. Households with fewer than 30 different food items were removed from the sample, because a smaller selection of different foods seemed to be implausible. This reduced the number of households from 13 131 to 12 687. In 2011, information on about a total of 12 408 473 food purchases, including price, quantity and other information, was recorded. The purchases were documented by the households using a scanner.
Because the household data set contained no details about the nutritional values of foods it was added to the data. For this purpose, a German nutrient database (Bundeslebensmittelschlüssel Version 3.01, BLS), which gives information on nutritional values for foods available in the German market, was used. As the classification of food items in the BLS is often less precise than that of the GfK, some GfK food items had to be aggregated. For example, whereas the GfK distinguishes between 168 flavors of yoghurts, they had to be classified into four flavor groups captured in the BLS (fruit, cereal, natural and soy). Altogether, linking foods to the BLS resulted in the reduction of the number of products from 6033 to 1954.
Construction of the HEI
The HEI is a diet quality index developed to monitor American diets and to measure their conformance to the Dietary Guidelines for Americans (DGA). 20 The HEI was released by the USDA in 1995, completely revised to assess the 2005 DGAs, and updated to reflect the 2010 DGAs. The latest version which refers to the 2010 guidelines was used here. The HEI-2010 has 12 individual components, nine of which assess adequacy and focus on dietary components whose consumption should be increased. The remaining three items refer to dietary components that should be consumed moderately. The category 'empty calories' includes calories from solid fats, added sugars and alcoholic beverages. Calories from alcohol are considered to be empty if more than two drinks per day are consumed. 20 Calories from solid fats and added sugars are the remaining calories in each food compared with its nutrient-dense form (low fat or without added sugars). All components and their standards for maximum and minimum scoring are listed in table 1. Scores for the different components range from 0 to 5, 0 to 10, or 0 to 20 points. The maximum total score is 100, and intakes between the minimum and the maximum standards are scored proportionally. Standards for maximum scores are the sums of the daily recommendations for every component and its subgroups expressed on a per 1000 kcal basis. 20 The HEI score is calculated by adding all cup equivalents (C) or ounce equivalents of the respective dietary constituent i and dividing the sum by the quotient of total energy in kcal (E) and 1000. Exceptions are made for some components: For the fatty acids the ratio of unsaturated to saturated fatty acids is used, for sodium the intake in grams per 1000 kcal is applied. The empty calories component refers to percentages of total energy. The resulting value (D) indicates the density for group i. This value was divided by the recommended density of group i (D r ) and multiplied by the respective standard for the maximum score (S Max ), giving the component score for group i.
The HEI total score is obtained by adding all 12 individual component scores i.
Score i
Determining cup and ounce equivalents within the HEI For nine of the individual HEI components, the equivalents for cups and ounces for each food item had to be determined. For this purpose, the USDA MyPyramid Equivalents Database (MPED, version 2.0), which has information on equivalents for 6940 foods, was used. 21 This matching process was conducted by linking foods in the GFK database to foods in the MPED. Because the MPED contains foods sold in the American market, they may differ in composition from those sold in Germany. Thus, the USDA's Food and Nutrient Database for Dietary Studies (FNDDS), 22 which links directly to the MPED, was used to check whether the matched foods had similar caloric and nutrient contents.
Following the DGAs, beans and peas (legumes) can be considered both as vegetables and as protein foods. 23 In this study legumes were counted as vegetables. Alcoholic beverages, which are a part of the empty calories component, had to be excluded from the present analysis because they are not available in the data set.
Diet quality indicators and statistical analyses
The HEI and several individual diet quality indicators were calculated for each of the 12 687 households' food baskets. Nutrient densities, which are defined as the ratio of nutrients (in mg or mg) per 100 kcal were calculated for vitamins, minerals and trace elements. The supply of macronutrients was evaluated according to energy density which is the amount of energy (kcal) per 100 g of food. In addition, two indicators for fat and sugar, the densities for cholesterol, two omega-3 fatty acids (eicosapentaenoic acid and docosahexaenoic acid) as well as the p/s- quotient (polyunsaturated fatty acids divided by saturated fatty acids) were calculated. Furthermore, two food variety indices were considered in this analysis: The first one counts the number of different food items consumed, the second one evaluates diversity in terms of number as well as distribution of food items. This index, known as Berry-or Simpson-Index, was applied mainly in economic food diversity studies, [24] [25] [26] [27] [28] but also in some nutritional studies. 29, 30 The Index is defined as: 31 where s i is the share of product i in the total amount of food consumed. BI = 0 indicates that an individual consumes only one food product, BI = 1 -1/n refers to a situation where the individual consumes equal shares of all products considered. 32 All statistical analyses were performed using SPSS Statistics 22. The nonparametric Kolmogorov-Smirnov test was used to test the HEI total score for normal distribution. On the basis of standard deviation (SD) values, the HEI total scores were split into three groups. The values ranged from a lower diet quality with HEI values below one SD (HEI score < 47.58) to a higher diet quality with HEI values above a SD (HEI score > 63.74). On the basis of an analysis of variance (ANOVA) a trend by HEI category was analysed. In addition, Spearman correlation coefficients between HEI total score, and energy and nutrient densities, were calculated.
Results
The distribution of the HEI total score is shown in figure 1 . The nonparametric Kolmogorov-Smirnov test demonstrated that the HEI was approximately normally distributed. The mean HEI was 55.4 out of a total of 100 possible points and the SD was 8.32. As shown in table 2, the households scored particularly well on the empty calories, total protein foods, refined grains and whole fruit components, receiving >75% of the maximum score. On the other hand, they did poorly on the sodium, fatty acids, and greens and beans components, getting <20% of the maximum score. The descriptive statistics of the individual diet quality indicators, and its associations with the HEI, are reported in table 3. In the first three columns, mean values, SDs and coefficients of variance (CV) of the diet quality indicators are shown for all households. The CV which allow a comparison of the variances between the individual indicators, showed little variation in the densities of water-soluble vitamins and minerals, but higher variation in the densities of fatsoluble vitamins (except for vitamin E), most trace elements, salt and fat composition (expect for cholesterol). Fluoride had the highest variation of all nutrients.
Mean values calculated for three HEI-diet quality groups formed on the basis of HEI's SDs showed that, with the exception of fluoride, the densities of vitamins, minerals and trace elements increased as diet quality increases. This was also true for nutrients in the miscellaneous group except for salt. Mean densities for fluoride and salt were the lowest for households with lower diet quality. In the medium diet quality group they increased and then they slightly decreased again in the higher diet quality group.
The last two columns show Spearman's correlations between the HEI and individual diet quality indicators. Significant positive correlations were found between the HEI and all 13 vitamin densities. The strongest positive values were detected for the water-soluble vitamins B5, B6, B7, B9 and C, whereas the correlations for B1 and B12 as well as for the fat-soluble vitamins were weaker. The correlation values for minerals were clearly higher than were those for trace elements, and there were very low correlations for iodine and fluoride. For the salt density, a negligible positive correlation was found. The values for energy from sugar and fat respectively divided by total energy were negative, but very low. The second strongest significant correlation was found for energy density, which was negatively correlated with the HEI. In the fat composition, negligible or very low correlations were found. The two variety indices showed very small correlations with the HEI.
Discussion
The HEI total score of 55.4 indicated that overall dietary quality of the purchased foods was mediocre in Germany. This finding is in line with results obtained from American studies in which HEI scores between 49.9 33 and 56.8 9 were found. In comparison with these studies German households achieved considerably better values for the empty calories, whole grains and whole fruits components and they scored much worse in the sodium and fatty acids components.
A comparison with earlier German epidemiological studies showed basically the same dietary issues as detected in this study using the HEI: in terms of the sodium component where a percentage of only 2.58% was reached in this study, the current German National Nutrition Survey II 34 emphasized that men in particular consume about 1.2-1.4 times the recommended amount of 6 g of salt (sodium chloride) per day. With regard to the fatty acid component where a percentage of 3.64% of the maximum score was reached, the current German Nutrition Report stressed that an unfavorable ratio of poly-and mono-unsaturated fats to saturated fats is still a relevant dietary issue.
35
German households performed surprisingly well on the empty calories component, reaching an average score of nearly 18 out of 20 points. This may be partly because alcoholic beverages, which are a part of the empty calorie component, were excluded from the present analysis. However, given that the German Nutrition report stressed that Germans eat too many sweet and fatty foods, 35 the score for this category reached a relatively high value. An explanation might be that standards in Germany, although not explicitly quantified in the form of an empty calorie standard, are stricter compared with the HEI empty calorie standards. To counter that standards differ in different countries, they may have to be adapted when applying the HEI to measure diet quality in other countries.
For the greens and beans component a score of only 0.99 of five possible points was found in this study. This low score may be explained by the fact that the consumption of these vegetable types is less common in Germany and, moreover, is not explicitly quantified in dietary guidelines. Therefore, an adaption of the weighting of this vegetable group may be required when using the HEI for assessing diet quality in countries other than America.
The results of the correlation analysis revealed that the densities of water-soluble vitamins, minerals and, in part, trace elements, which are found primarily in plant foods (fruits, vegetables and cereals), were strongly related to the HEI. By contrast, the associations between the HEI and the fat-soluble vitamin densities A, D and E were weaker. Considering that the supply with vitamin D and E are relevant dietary issues in Germany 34 and in many other countries, it would be desirable that the HEI better reflects the extent of the intake of these vitamins. Furthermore, some indices that indicate the risk of developing cardiovascular diseases were not reflected in the HEI total score, namely the salt density and the p/s-quotient. Although there was a significant variation of these indices between the households, as shown by the CVs of 0.64 and 0.46 in table 3, a lower salt density and a higher p/s quotient did not result in a higher HEI total score. Against the backdrop that cardiovascular diseases are currently the major contributor to the global burden of disease among the non-communicable diseases, 36 nutrients that affect the development of these diseases should perhaps be stronger reflected when measuring total diet quality. However, the oversupply of energy and the undersupply of folic acid (vitamin B9) and calcium are also relevant diet quality issues, and these components were well represented by the HEI. Overall, it can be concluded that the HEI reflected many important nutrients and, most importantly, the energy density of foods.
As the HEI is widely used for evaluating population's diet quality and as these evaluations are frequently used for deriving public health measures, it is important to know the strengths and limitations of the HEI in measuring diet quality. This analysis used representative household purchase data to analyse associations between the HEI and different diet quality indicators, namely nutrient and energy densities. These data are particularly suitable for this kind of analysis for various reasons: First, the food items are recorded in the highest level of detail, so that important food diet quality indicators such as fat, fiber and sugar contents are precise. Therefore, it is possible to accurately determine the nutrient and energy densities of food baskets and, at the same time, to precisely assign the food items to the HEI categories. Second, in comparison with food intake data, these data reflect more accurately real dietary habits. When individuals are directly asked about their diet composition, as is the case with intake data, they tend to underestimate the intake of energy-dense foods and overestimate the intake of foods with lower energy density. This problem of over-and under-reporting is not relevant with purchase data. Third, the results obtained from the data on which nutrients are more or less represented by the HEI are transferable when using the HEI for evaluating dietary quality at the level of individuals or for menus. However, the data also have some limitations: First, as out-of-home consumption is not included, the measured diet quality exclusively refers to the in-home-consumption which accounts for 77% of all food expenses in Germany. 37 As foods purchased out of home are more expensive than those purchased for in home consumption, the quantitative food consumption covered here is higher than 77%. Second, the data display the dietary quality of the whole household and should not be used for directly estimating the diet quality of individuals. However, in order to address the limitations associated with household consumption data, it would be desirable to conduct a comparable study using individual food intake data and merge the results.
To conclude, although the HEI-2010 can be defined as a meaningful index to describe the diet quality, especially because it focuses on an adequate energy supply and the intake of plant-based foods, it should be considered that some nutrients may not be well reflected. When using the HEI for measuring diet quality these nutrients should be analysed separately in order to capture all components of diet quality.
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Key points
In general, the Healthy Eating Index-2010 is a meaningful index to describe diet quality. When using the index for countries other than America some adjustments may be required. Total energy intake and the consumption of water-soluble vitamins and minerals were particularly well represented by the index. The index was less meaningful for fat soluble vitamins, salt and fat composition.
